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The invention relates to an electric device with a hody having a resistor 
comprising a phase change material which is able to be in a first phase and in a second phase, 
the resistor having a surface with a first contact area and a second contact area, the resistor 
having an electrical resistance between the first contact area and the second contact area, the 

5 electrical resistance having a first value when the phase change material is in the first phase 
and a second value when the phase change material is in the second phase, a first conductor 
electrically connected to the first contact area, a second conductor electrically connected to 
the second contact area, the first conductor, the second conductor and the resistor being able 
to conduct a current for heating of the phase change material to enable a transition from the 

10 first phase to the second phase, and a layer of a dielectric material for reducing a heat flow to 
other parts of the body during the heating. 



WO-A 00/57,498 discloses an embodiment of the electric device described in 

15 the opening paragraph. 

The known device comprises a resistor comprising a phase change material, 
which maybe, e.g., Te 8 iGei 5 S2As 2 , Te8iGei 5 S 2 Sb 2 , or a material including Te, Ge, Sb and 
one or more transition metals TM in the ratio (TeaGebSbioo-(a+b))cTMioo-c where the subscripts 
are in atomic percentages, a is below 70 percent, b is above 5 percent and below 50 percent 

20 and c is between 90 and 99.99 percent. The phase change material is able to be in a first 

phase, which may be, e.g., crystalline, and it is able to be in a second phase, which may be, 
e.g., amorphous. Alternatively, the first phase or the second phase, or both, may be partly 
amorphous and partly crystalline, provided that the resistor with the phase change material in 
the first phase and the resistor with the phase change material in the second phase have 

25 different values of the electrical resistance. 

The resistor is electrically connected to a first conductor and a second 
conductor such that the value of the electrical resistance can be measured. The first conductor 
and the second conductor may comprise, e.g., one or more of the following materials: 
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titanium, titanium nitride, titanium aluminum nitride, titanium carbon nitride, titanium 
silicon, molybdenum, carbon, tungsten, and titanium tungsten. 

The resistor, the first conductor and the second conductor are able to conduct a 
current which via heating enables transitions of the phase change material between the first 
5 phase and the second phase. It is believed that for a transition from a phase with a relatively 
good conductivity such as a crystalline phase or a mainly crystalline phase, to a phase with a 
relatively poor conductivity such as an amorphous phase or a mainly amorphous phase, 
heating by a sufficiently strong current causes melting of the phase change material. Said 
heating is achieved by the resistance of the first conductor, the second conductor and the 

10 resistor itself. Which one of the three elements contributes most to the heating depends in 
general on the materials and shapes of these elements. The heating ends when the current is 
switched off. The phase change material then quickly cools down and arranges itself in a 
more amorphous order. 

When inducing a transition from a phase with a relatively low electric 

1 5 conductivity to a phase with a relatively high electric conductivity, the heating is initially 
counteracted by the poor conductivity, which makes it difficult to directly melt at least parts 
of the phase change material. It is believed that by applying a sufficient voltage across the 
resistor it is possible to locally induce an electrical breakdown in the phase change material, 
which leads to a high local current density and a higher current. The corresponding heating is 

20 then sufficient to increase the temperature of the phase change material above its 

crystallization temperature thereby enabling the phase transition. Depending on the heating 
power and the heating time a crystalline phase or at least a phase which is more crystalline 
than the phase before the transition is obtained. 

The known electric device can be used as a resistor with an electrically 

25 adjustable resistance. This type of device may be used in all types of circuits and integrated 
circuits which require a resistor with a resistance switchable between a first value and a 
second value. 

The known electric device is particularly suited for use as our electrically 
writable and erasable memory cell, which carries information encrypted in the value of the 
30 electrical resistance. In a two bit version, the memory cell is assigned, e.g., a "0" when the 
resistance is relatively low and a "1" when the resistance is relatively high. The resistance 
may be easily measured by supplying a voltage across the resistor and measuring the 
corresponding current. The memory element can be written and erased by inducing a 
transition from a first phase to a second phase as described above. 
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In a multi bit memory cell the phase change material is able to be in N 
different phases where N is an integer larger than two. In each of the N phases the resistance 
has a value characteristic of this particular phase. The value may therefore be used to assign 
the memory cell an integer M where M is not smaller than zero and not larger than N and 
5 where M uniquely characterizes the phase corresponding to the value. 

When using the known electric device as a resistor with an electrically 
adjustable resistance it is often desired that the transition between the first phase and the 
second phase is as fast as possible and that it requires as little electric energy as possible. The 
first electric device of the kind described in the opening paragraph has switching times of 
10 several milliseconds and switching energies, i.e. the electric power required for enabling the 
phase transition multiplied by the switching time, of micro Joules. More advanced electric 
devices have switching times of several tens of nanoseconds and require switching powers of 
several pico Joules. 

These improvements have been achieved by selecting phase change materials 
15 with better switching characteristics, by designing electric devices having a small volume of 
phase change material changed during a transition between the first phase and the second 
phase, and by using a layer of a dielectric material for thermally insulating the phase change 
material and thereby reducing the heat flow out of the phase change material. Silicon dioxide 
and silicon nitride have been used as dielectric materials. 
20 It is a disadvantage of the known electric device that despite these 

improvements the switching power is still relatively high. 

It is an object of the invention to provide an electric device of the kind 
25 described in the opening paragraph which operates at a relatively low switching power. 

According to the invention the object is realized in that the dielectric material 
comprises a porous material with pores having a size between 0.5 and 50 nm. 

The invention is based on the insight that an electric device with dielectric 
material comprising a porous material has a reduced switching power, which is attributed to a 
30 lower heat conductivity of the porous material. Often, the pores are substantially spherical or 
cylindrical, the size of the pore is then defined by its diameter. 

To actually obtain an electrical device with a reduced switching power it is 
essential that the pores are larger than 0.5 nm. Dielectric materials with smaller pores have 
the disadvantage that it is difficult to manufacture such materials having a porosity of more 
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than 20 percent. Therefore, the thermal properties of the microporous materials are very 
similar to those of the corresponding bulk material which is free of pores. Preferably, the 
porosity is larger than 20 percent. Preferably, the porosity is larger than 45 percent. 
Preferably, the pores are larger than 1.0 nm. 
5 Materials with pores larger than 50 nm have the disadvantage that due to the 

relatively large pore size it is virtually impossible to reliably manufacture an electric device 
with dimensions smaller than several hundreds of nm using one of these materials. For 
materials with pores larger than 50 nm it is difficult or even impossible to seal the pores, e.g. 
by a barrier layer. If there are pores larger than 50 nm it may happen that other materials used 

10 in the electric device such as, e.g., metals or the phase change material fill some of the pores. 
As a consequence the electric device may comprise layers of these other materials which 
have ill-defined dimensions leading to a malfunctioning electric device. In addition, or 
alternatively, it may happen that the pores of the macroporous material are not closed and 
that some or even all of the pores are filled by the other materials, which may lead to short- 

15 circuits. 

The dielectric materials as used according to the invention are known as such 
in semiconductor manufacturing for their low dielectric constant which is lower than that of 
silicon dioxide. Because of this property, and despite the difficulties in processing them, 
these materials are used in integrated circuits which operate at frequencies where dielectrics 
20 with higher dielectric constants cannot be used anymore. 

It is advantageous if the pores have a size between 1 and 10 nm because 
electric devices comprising a dielectric material with this pore size have a particularly low 
switching power. 

In a preferred embodiment the porous material has pores substantially free of 
25 water. Experiments by the inventors indicated that in some cases the electric devices 

comprising porous material with pores not substantially free of water may disintegrate or 
delaminate when the phase change material is heated. These problems did not occur when the 
pores are substantially free of water. 

In an electric device according to the invention the heat flow is reduced and 
30 therefore, the volume of the electric device heated during the phase transition is reduced as 
well. A reduced heated volume has an additional advantage when the electric device 
comprises more than one resistor which each comprise a phase change material. In these 
systems it is a well-known problem that by modifying the phase change material of one 
resistor the phase change material of another resistor may be unintentionally modified by a 
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heat flow from the resistor to be changed to the other resistor. The chance of unintentionally 
modifying the phase change material of another resistor is reduced in an electric device 
according to the invention. 

This effect, which is often referred to as crosstalk, is particularly prominent in 
5 arrays of electric devices used as a non-volatile memory, because in this case the mutual 
distance between the electric devices generally is relatively small and the advantage is 
particularly large. 

A dielectric material with pores substantially free of water may be obtained by 
manufacturing an electric device comprising porous silicon dioxide or any other porous 

10 dielectric material including, e.g., titanium oxide, vanadium oxide or zirconium oxide and by 
subsequently treating the porous material by, e.g., heat and/or vacuum to remove 
substantially all water present. 

It is advantageous if the pores have hydrophobic surfaces. In this case it is 
possible to expose the electric device during manufacture to an atmosphere which comprises 

15 water vapor. This is convenient because it is then not required to take precautions against 
possible water contamination of the atmosphere. During manufacture the electric device can 
be moved in normal clean room conditions. 

Hydrophobic surfaces of the pores may be obtained, e.g., by using porous 
materials which are hydrophobic such as, e.g., porous SiLK™. This material is described in 

20 Waeterloos, J J. et al., "Integration feasibility of porous SiLK semiconductor dielectric", in 
Proceedings of the IEEE 2001 International Interconnect Technology Conference, 
Burlingame, California, USA, 4-6 June 2001, p.253-4. It is marketed by Dow Chemical from 
Midland, Michigan, USA. Alternatively, a material as described in US-Bl-6,352,945 and 
US-Bl-6,383,955 maybe used. An embodiment of this material is commercially available 

25 under the name Aurora™ which is marketed by ASM International from Bilthoven, the 
Netherlands. 

It is advantageous if the porous material comprises an organosilicate and the 
hydrophobic surfaces have hydrocarbyl groups. Hydrocarbyl groups such as, e.g., alkyl 
groups and aryl groups are used to make the surfaces hydrophobic. As is known from 
30 WO-A 00/39028 the incorporation of these groups in the porous material to provide 

hydrophobic surfaces is accomplished conveniently when the porous material comprises an 
organosilicate 

Example 5 of WO-A 00/39028 discloses a composition comprising 
tetraethoxyorthosilicate and methyltriethoxysilane in a ratio of 0.85:0.15. 10 lauryl ether, also 
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referred to as (CH 2 CH 2 0)io C12H25OH, is used as a surfactant and a 50/50 mixture of water 
and ethanol is used as a solvent. Furthermore, hydrogen chloride is used as a catalyst. After 
aging, this composition is applied to silicon slices by means of spin-coating. The solvent and 
the acid are removed in a heating step, after which the surfactant is completely removed by 
5 calcination. Finally, a dehydroxylation process takes place by exposing the porous layer to a 
silane and subsequently to a vacuum treatment. 

In an embodiment, the porous material is a material obtainable by applying a 
liquid layer of a composition comprising tetra-alkoxysilane, hydrocarbylalkoxysilane, a 
surfactant and a solvent onto a substrate, wherein the molar ratio between tetra-alkoxysilane 

1 0 and hydrocarbylalkoxysilane is 3 : 1 at the most, and heating the liquid layer to remove the 
surfactant and the solvent and to form the hydrophobic porous layer. Preferably, the ratio 
ranges between 3:1 and 1:10. 

By using a composition comprising a mixture of a tetra-alkoxysilane and one 
or more hydrocarbylalkoxysilanes such as, e.g., aryl- or alkylalkoxysilanes, a stable layer is 

1 5 obtained that does not require a dehydroxylation aftertreatment This aspect of the invention 
is based on the recognition that the formation of a silica network from the alkoxysilanes 
requires less than four alkoxy groups per silicon atom. Any remaining alkoxy groups and the 
silanol groups formed after hydrolysis render the silica network hydrophilic. In relation to 
tetra-alkoxysilane, the hydrocarbylalkoxysilane contains fewer alkoxy groups. On the other 

20 hand, said composition of tetra-alkoxysilane and hydrocarbylalkoxysilane comprises more 
hydrophobic hydrocarbyl groups. Some of these hydrocarbyl groups do not take part in 
forming the silica network. The hydrocarbyl groups have a hydrophobic, apolar character and 
preclude water adsorption in the porous silica network. Preferably the ratio is above 1 : 10. It 
has been found in an experiment that at a ratio above 1 : 10, the porous silica network is 

25 sufficiently stable to be used as a porous layer in an electric device. Even more stable layers 
are obtained at a ratio above 1 :3. 

The hydrophobic character of the surfaces in this case implies that essentially 
no water adsorption takes place up to an air humidity degree of approximately 50 percent. 
This is sufficient in actual practice since the air humidity degree in clean rooms is easily 

30 maintained between 40 and 50 percent. After manufacturing, e.g. during operation, the 
electric device may be exposed to a higher degree of air humidity, however, because an 
electric device is customarily encapsulated in a layer to protect it against moisture. With a 
decreasing ratio of tetra-alkoxysilane to hydrocarbylalkoxysilane the sensitivity to air 
humidity decreases until the layers are completely insensitive to air humidity. Preferably, the 
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ratio is below 3:1. It has been found in an experiment that at a ratio above 3:1, the porous 
silica network is insufficiently hydrophobic and insufficiently mechanically stable to be used 
as a porous layer in an electric device. Preferably, the ratio is below 1:1. Preferably the ratio 
is above 2:3. 

5 An advantage of the electric device in accordance with this embodiment 

resides in that the porous material has a substantially uniform pore size below 10 nm. By 
virtue of said pore size, the layer can suitably be used in an integrated circuit having very 
small elements of, e.g., 100 nm or 70 nm or 50 nm. If the size of the pores is of the order of 
the distance between the first conductor and the second conductor, short-circuits may occur 

10 between the first conductor and the second conductor, thereby bypassing the resistor, leading 
to a malfunctioning electric device. 

An additional advantage of the electric device in accordance with this 
embodiment resides in that the porous material has a thermal expansion coefficient which is 
very similar to those of the materials commonly used as phase change material and as first 

15 conductor and second conductor. Therefore, the electric device has a large mechanical 
stability when the phase change material is heated. 

In addition, the electric device can withstand heating to temperatures up to 
400 degree Celsius during manufacturing of the electric device, which is advantageous 
because it allows the use of standard silicon processing technology. Furthermore, the porous 

20 material (substantially) does not react with other materials commonly used in silicon 
technology. 

Favorable effects are achieved by using an hydrocarbylalkoxysilane wherein 
the hydrocarbyl group is selected among a methyl group, an ethyl group and a phenyl group. 
Some or all of the hydrocarbyl groups may be fluorinated, which has additional advantages. 

25 Such phenyl-, methyl- and ethylalkoxysilanes are thermally stable up to approximately 

400 °C, allowing them to be calcinated in the customary manner. It is often advantageous to 
perform the heating in an atmosphere substantially free of oxygen. Preferably, the alkoxy 
group is a butoxy, propoxy, ethoxy or methoxy group. 

The hydrocarbylalkoxysilane may additionally be a 

30 trihydrocarbylalkoxysilane, a dihydrocarbyldialkoxysilane and an 

hydrocarbyltrialkoxysilane. Particularly favorable examples are methyltrimethoxysilane, 
methyltriethoxysilane, phenyltrimethoxysilane, and phenyltriethoxysilane. By virtue of the 
crosslinking of the three alkoxy groups, such alkyltrialkoxysilanes are integrated very readily 
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in to the silica network, and therefore, the stability of the network decreases hardly, if at all, 
in relation to a network obtained from pure tetra-alkoxysilane. 

Particularly favorable results are obtained by using a composition comprising 
tetra-alkoxysilane and a methyltrimethoxysilane in a molar ratio of 1 : 1 . By using such a 
5 composition, a porous layer is obtained having a low thermal conductivity and a high 
stability, even in humid conditions. 

For the surfactant use may be made of cationic, anionic and non-ionic 
surfactants. Examples are, inter alia, celyltrimethylaimnoniumbroniide and 
cetyltrimethylammoniumchloride, triblock copolymers of polyethylene oxide, polypropylene 

10 oxide, and polyethylene oxide ethers, such as polyoxyethylene (10) stearyl ether. 

Favorable results are achieved using a cationic surfactant in combination with 
a molar ratio of said surfactant to the totality of alkoxysilanes in excess of 0. 1 : 1 . Here, the 
totality of alkoxysilanes refers to the total amount of tetra-alkoxysilane and 
hydrocarbylalkoxysilane. In this manner, layers are achieved having a relatively low thermal 

15 conductivity. Unlike porous layers prepared from pure tetra-ethoxyorthosiUcate (TEOS), the 
porous layers manufactured as described above remain stable, even if the composition 
comprises a high surfactant content. The resultant layers have a porosity above 45 percent 
and were found to be of good quality. Heating preferably takes place in an environment 
comprising oxygen, nitrogen and/or hydrogen. 

20 Favorable results have also been achieved using a triblock copolymer 

comprising polyethylene oxide, polypropylene oxide and polyethylene oxide as the blocks 
serving as the surfactant. An example of such a surfactant is known by the name of 
Pluronic F127 which is a registered trademark of BASF of Ludwigshafen, Germany. The 
chemical composition of this surfactant is given in a data sheet published by BASF on the 

25 Internet. Low concentrations of this surfactant in the composition already lead to a porous 
layer having a high porosity and a correspondingly low thermal conductivity. 

In a favorable embodiment of the electric device in accordance with the 
invention, the porous layer has a porosity above 45 percent. The advantage of a higher 
porosity is, in particular, a lower thermal conductivity. Here, the definition by the IUPAC is 

30 applied according to which porosity is the ratio of the total pore volume to the apparent 
volume of the layer. The IUPAC definition is described in J. Rouqu6rol et al., Pure and 
Applied Chemistry, volume 66, pages 1739-1758, published in 1994. This relatively high 
porosity may be obtained by a relatively high surfactant content in the composition described 
above. In the method in accordance with WO-A 00/39028, however, a larger amount of 
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surfactant causes the layer formed to become unstable after calcination. Said instability 
means that the network of porous silica collapses, causing the porosity to decrease 
substantially from 55 to 28 percent. 

It is advantageous if the resistor is embedded in the body, the layer being in 
5 direct contact with the resistor because in this case the heat flow out of the resistor is 
effectively reduced. 

In an embodiment the first contact area is smaller than the second contact area, 
and the first conductor comprises a part in direct contact with the first contact area, the part 
being embedded in the layer. In this case the current density in the first contact area and in 

10 the part of the first conductor is higher than the current density in the second contact area. 
Therefore, the heating is more effective in the vicinity of the first contact area than in the 
vicinity of the second contact area. As a consequence, the phase change material close to the 
first contact area, in particular that in direct contact with the first contact area, is relatively 
easily melted. Heating for melting the phase change material close to the first contact area is 

1 5 achieved to a large extent by the first conductor and/or the contact resistance between the 
first conductor and the phase change material, in particular when the first conductor in the 
part close to the first contact area has a relatively poor conductivity. By embedding this part 
of the first conductor close to the first contact area in the layer, the switching power is 
reduced effectively because this part has a relatively high current density combined with a 

20 relatively low conductivity, corresponding to a high heating power. In this embodiment the 
heat flow out of this part of the first conductor to parts of the body free of the resistor, i.e. 
parts which do not contain the resistor, is reduced. The heat flow for heating the resistor is 
effectively directed towards the phase change material close to the first contact area. 

In an embodiment of the electric device according to the invention, the first 

25 conductor, the second conductor, the resistor and the layer constitute a memory element, and 
the body comprises an array of memory cells, each memory cell comprising a respective 
memory element and a respective selection device, and a grid of select lines, each memory 
cell being individually accessible via the respective select lines connected to the respective 
selection device. 

30 Such an electric device can be used as a non-volatile, electrically writable, 

electrically readable and electrically erasable memory. Because each memory cell comprises 
a selection device, individual memory elements can be conveniently selected for reading, i.e. 
for measuring the value of the electrical resistance, and for writing and erasing, i.e. for 
inducing a transition from a first phase to a second phase. 



WO 2004/034482 PCT/IB2003/003865 

10 

The memory elements of the present invention may be electrically coupled to 
selection devices and to selection lines in order to form a memory array. The selection 
devices permit each discrete memory cell to be read and written to without interfering with 
information stored in adjacent or remote memory cells of the array. Generally, the present 
5 invention is not limited to the use of any specific type of selection device. Examples of 

selection devices include field-effect transistors, bipolar junction transistors, and diodes such 
as known from, e.g., WO-A 97/07550. Examples of field-effect transistors include JFET and 
metal oxide semiconductor field effect transistors (MOSFET) such as known from, e.g., 
WO-A 00/39028. Examples of MOSFETs include NMOS transistors and PMOS transistors. 
10 Furthermore, NMOS and PMOS may even be formed on the same chip for CMOS 
technologies. 

Usually, such types of electric devices are as compact as possible, which 
implies that the mutual distance between adjacent resistors is small. In these electric devices 
comprising a dielectric material according to the invention, crosstalk is reduced. 

15 In one embodiment the selection device comprises a MOSFET having a source 

region, a drain region and a gate region, and the grid of select lines comprises N first select 
lines, M second select lines, N and M being integers, and an output line, the first conductor of 
each memory element being electrically connected to a first region selected from the source 
region and the drain region of the corresponding metal oxide semiconductor field effect 

20 transistor, the second conductor of each memory element being electrically connected to the 
output line, a second region of the corresponding metal oxide semiconductor field effect 
transistor which is selected from the source region and the drain region and which is free 
from the first region, being electrically connected to one of the N first select lines, the gate 
region being electrically connected to one of the M second select lines. 

25 In this type of device the resistor can be conveniently integrated with the 

selection device. 

These and other aspects of the electric device according to the invention will 
30 be further elucidated and described with reference to the drawings, in which: 

Fig. 1 is a crosssection of an embodiment of the electric device; and 
Fig. 2 is a crosssection of another embodiment of the electric device, and by 
means of some tables, in which 
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Table 1 shows embodiments of compositions by means of which porous 
materials are obtained; 

Table 2 shows properties of the porous material obtained by using the 
embodiments 1-5 of Table 1; and 
5 - Table 3 shows properties of the porous material obtained by using the 

embodiments 6-11 of Table 1. 

The Figures are not drawn to scale. In general, identical components are 
denoted by the same reference numerals. 

10 

The electric device 1, shown in Fig. 1, has a construction similar to that 
described in WO-A 97/07550. It has a body 2 which comprises a plurality of resistors 36 
each comprising a phase change material which is able to be in a first phase and in a second 
phase. In another embodiment not shown the body 2 comprises only one resistor 36. The 

15 phase change material is Te8iGei 5 S2As 2 . In another embodiment it is TegiGe^Sl^. 

Alternatively, materials including Te, Ge, Sb and one or more transition metals TM in the 
ratio (TeaGebSbioo-(a+b))cTMioo-c where the subscripts are in atomic percentages, a is below 
70 percent, b is above 5 percent and below 50 percent and c is between 90 and 99.99 percent, 
may be used as the phase change material. 

20 Each of the resistors 36 is embedded in the body 2 and has a surface with a 

first contact area 5 and a second contact area 6. The resistors 36 each have an electrical 
resistance between the respective first contact area 5 and the respective second contact area 6. 
The electrical resistances each have a first value when the phase change material is in the first 
phase and a second value when the phase change material is in the second phase. 

25 The body 2 comprises a single crystal silicon semiconductor wafer 10, which 

is a p-doped substrate. Formed in the p-substrate 10 are nH- channels 12, which extend across 
the wafer 10 in a direction perpendicular to the plane of Fig. 1 and which form one set of 
electrodes, in this case the y set, of an x-y grid of selection lines for addressing the individual 
memory elements 30. On top of this n-f grid structure is an n-doped crystalline epitaxial 

30 layer 14 which may be, e.g., about 500 nm thick and in which p-doped isolation channels 16 
are formed. These p-doped isolation channels 16 extend all the way to the p-substrate 10 as 
shown in Fig. 1. They extend completely around islands 18 of the n-epitaxial layer 14, which 
islands in this way are defined and mutually isolated. The islands 18 are shown more clearly 
in the top view of Fig. 2 of WO-A 97/07550 wherein the p-isolation channels are shown as 
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forming an isolation grid defining and isolating the islands 18 of n-epitaxial material. Instead 
of the p-doped isolation channels, layers of dielectric material may be used for isolation of 
the islands 18. 

A layer 20 of dielectric material forms apertures 22 over the islands 18 which 
5 apertures 22 define diffusion regions 24 of p+ material. The junctions of the p+ regions and 
the n-epitaxial layer define p-n junction diodes in series with each of the regions of the n- 
epitaxial layer exposed through the apertures 22 of the layer 20. The p-n junction diodes 
serve as selection devices 26. 

The memory elements 30 are deposited over the p+ regions 24 in individual 

10 electrical series contact with the selection devices 26. Each of the memory elements 30 
comprises a first conductor 3 which is electrically connected to the first contact area 5 and 
which comprises a relatively thin electrical contact layer 32 of high corrosion resistance 
metal such as, e.g., molybdenum and an electrically conductive diffusion barrier layer 34 
such as, e.g., carbon. The memory elements 30 each further comprise the resistor 36 formed 

15 of a phase change material as described above, and a second conductor 4, which is 

electrically connected to the second contact area 6 and comprises an upper thin electrical 
contact layer of high corrosion resistance material 40 of, e.g., molybdenum and an 
electrically conductive diffusion barrier layer 38 of, e.g., carbon. The contact layers 32, 34, 
38 and 40 and the resistor 36 are identical to those described in WO-A 97/07550. 

20 The first conductor 3, the second conductor 4 and the resistor 36 are able to 

conduct a current for heating of the phase change material to enable a transition from the first 
phase to the second phase, as is described in more detail above. 

The layers 20 and 39 of a dielectric material which surround the lateral 
peripheral portions of the memory elements 30 thermally isolate the resistors 36 of the 

25 memory elements 30. This further confines, limits and controls the heat flow to parts of the 
body free of the resistor during the heating, thereby limiting the switching energy. 

According to the invention, at least one of the layers 20 and 39 consists of a 
dielectric material comprising a porous material with pores having a size between 0.5 and 
50 nm. Preferably, the pores have a size between 1 and 10 nm. In an embodiment the pores 

30 are substantially free of water. Preferably, at least layer 39, which is in direct contact with the 
resistor 36, consists of such a material. Different embodiments of such a porous material will 
be described below. 

To manufacture the electric device 1 shown in Fig. 1, the layers 32, 34, 36, 38 
and 40 are etched, the layer 39 is formed over said etched layers and subsequently etched to 
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leave openings above the memory elements 30 as shown. Deposited on top of the entire 
structure formed by layers 32, 34, 36, 38, and 40 are selection lines 42 which form another 
set of electrodes, in this case the x set, of the x-y grid of selection lines for addressing the 
individual memory elements 30. The selection lines 42 may be made of, e.g. aluminum, 
tungsten or copper. The complete integrated structure is overlaid with an encapsulating 
layer 44 of a suitable encapsulant such as Si3N4 or a plastic material such as polyamide. 

The body 2 thus comprises an array of memory cells, each of which comprises 
a respective memory element 30 and a respective selection device 26. The body 2 further 
comprises a grid of select lines 12 and 42 such that each memory cell is individually 
accessible via the respective select lines 12 and 42 connected to the respective selection 
device 26. A detailed description of this integrated circuit is known from WO-A 97/07550, 
see in particular Figs. 2-4. 

The porous material may comprise porous silicon dioxide or any other porous 
dielectric material including, e.g., titanium oxide, vanadium oxide or zirconium oxide which 
has pores having a size between 0.5 and 50 nm. Preferably, the pores are substantially free of 
water. To this end, the porous silicon dioxide, titanium oxide, vanadium oxide or zirconium 
oxide is treated by, e.g., heat and/or in a vacuum to remove substantially all water present. 

In an embodiment the pores have hydrophobic surfaces, which has the 
advantage that in this case it is possible to expose the electric device during manufacture to 
an atmosphere which comprises water vapor. Hydrophobic surfaces of the pores may be 
obtained, e.g., by using porous materials which are hydrophobic such as, e.g., porous 
SiLK™, which is marketed by Dow Chemical from Midland, Michigan, USA. Alternatively, 
a material as described in US-B 1-6,3 52,945 and US-Bl-6,383,955 may be used. 

In another embodiment the porous material comprises an organosilicate which 
is not hydrophobic as such, and the pores are provided with hydrophobic surfaces by 
incorporating groups selected from alkyl groups and aryl groups in such a way into the 
matrix that the surfaces have at least some of these groups. In this embodiment the porous 
material is manufactured as is described in WO-A 00/39028. It is obtained from a 
composition comprising tetraethoxyorthosilicate and methyltriethoxysilane in a ratio 
of0.85:0.15. 

In another embodiment the porous material is obtained by applying a liquid 
layer of a composition comprising tetra-alkoxysilane, hydrocarbylalkoxysilane, a surfactant 
and a solvent onto a substrate, wherein the molar ratio between tetra-alkoxysilane and 



WO 2004/034482 PCT/IB2003/003865 

14 

hydrocarbylalkoxysilane is 3:1 at the most, and removing the surfactant and the solvent by 
heating the liquid layer, while forming the hydrophobic porous layer. 

A method to obtain this porous material is described in the unpublished patent 
application EP 01,203,536.6. To manufacture the electric device 1 according to this 
5 embodiment the layers 32, 34, 36, 38 and 40 are etched and the layer 39 is formed over said 
etched layers in the following way: the layers 20, 32, 34, 36, 38 and 40 are provided with a 
composition of tetra-alkoxysilane, hydrocarbylalkoxysilane, a surfactant and a solvent. 
Specific compositions are listed in Table 1, some of them will be discussed in detail below. 
For the solvent a mixture of alcohol, water and a small amount of acid is used. Suitable 
10 alcohols include, inter alia, methanol, ethanol, propanol and butanol. After drying and 

heating at 400 °C, the porous material 39 is formed. It has been found that the thickness of 
the layer formed depends on the number of revolutions during spin coating, the viscosity of 
the composition and the degree of dilution of the composition. If 

cetyltrimethylammoniumbromide (CTAB) is used as the surfactant, the pore size is 2-3 nm; if 
15 Pluronic F127 is used as the surfactant, the pore size is 7-8 nm. Measurements using X-ray 
diffraction and TEM equipment show that the pore size is substantially uniform. The 
properties of this layer depend on the composition, as listed in Table 2. 

Example 1 

20 A composition of tetraethoxyorthosilicate (TEOS), methyltrimethoxysilane 

(MTMS), water and ethanol, which is acidified with HC1, is formed while stirring. The molar 
ratios of TEOS:MTMS:H 2 0:ethanol:HCl are 0.5:0.5:1:3:5.10" 5 . This composition was heated 
to 60 °C for 90 minutes. Water, ethanol, HC1 and cetyltrimethylammoniumbromide (CTAB) 
were added to this pre-treated composition to obtain a molar ratio of 

25 TEOS:MTMS:H 2 0:ethanol:HCl:CTAB of 0.5:0.5:7.5:20:0.006:0.10. The composition was 
stirred for three days at room temperature. Subsequently, the composition is provided by 
means of spin coating at 1000 rpm for 1 minute in a KarlSuss CT62 spin coater. The layer is 
dried at 130 °C for 10 minutes on a hot plate and subsequently heated to 400 °C for 1 hour in 
air. In this manner a porous layer having a thickness of 200-400 nm is obtained having a 

30 relative dielectric constant of 2.4 and a porosity of 44%, as listed in Table 2. 

In this case, the dielectric constant is measured by means of a mercury probe 
(type Hg-612 from MSI electronics) at a frequency of 1 MHz. The porosity is determined in 
at least one of the two following ways known to persons skilled in the art: on the basis of the 
refractive index and by means of a layer thickness measurement and Rutherford back 
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scattering (RBS). The refractive index is determined through ellipsometry using a VASE 
ellipsometer VB-250, JA Woolam Co, Inc. From this value the porosity is determined via a 
Bruggeman effective medium approximation with a depolarization factor of 0.33. 

5 Example 2 

A composition of TEOS, MTMS, water, ethanol, HC1 and CTAB is prepared, 
in which the amount of surfactant is increased, as compared to example 1, to 0.22. In this 
embodiment the surfactant is a cationic surfactant, and the surfactant and the totality of 
alkoxysilanes are present in a molar ratio greater than 0.1:1. The composition is treated in the 
10 manner described in example 1 . This leads to an electric device 1 in which the porous 
material has a porosity above 45 percent, the porous material having a porosity of 56%. 

Example 3 

The composition of example 2 is stirred for three days at room temperature. 
15 Subsequently, the composition is provided by means of spin coating at 1000 rpm for 1 minute 
in a KarlSuss CT62 spin coater. The layer is dried at 130 °C for 10 minutes and subsequently 
heated to 400 °C for 1 hour in a gas mixture comprising 93 vol.% N 2 and 7 vol.% H 2 . 

TEOS = tetraethoxyorthosilicate 
20 HCAS = hydrocarbylalkoxysilane 

CTAB = cetyltrimethylainmoniumbromide 
MTMS = methyltrimethoxysilane 
PhTES = phenyltriethoxysilane 

F127 = Pluronic F127, a triblock polymer comprising polyethylene oxide, polypropylene 
25 oxide and polyethylene oxide as the blocks; 

Brij76 = polyoxyethylene (10) stearyl ether, Ci^COCHaCHz^OH, n « 10 
DMDES = dimethyldiethoxysilane 
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no 


TEOS 


HCAS 


surfactant 


HC1 

•io- 3 


H z O 


EtOH 


application 


heating 

fori 

hour 


1 


0.75 


MTMS, 
0.25 


CTAB, 
0.08-0.14 


4 


5 


20 


dipping 


400 °C 
in air 


2 


0.75 


PhTES, 
0.25 


CTAB, 
0.1 


4 


5 


20 


Spin 
coating 


3*50 °C 
in air 


3 


0.5 


MTMS, 
0.5 


CTAB 
0.10-0.22 


6 


7.5 


20 


Spin 
coating 


400 °C 
in air 


4 


0.5 


MTMS, 
0.5 


CTAB 
0.10-0.22 


6 


7.5 


20 


Spin 
coating 


400 °C 
in 

7% H 2 
inN2 


5 


0.5 


MTMS, 
0.5 


F127, 
0.0052 


4 


5 


20 


dipping 


400 °C 
in air 


6 


0.5 


MTMS, 
0.5 


F127, 
0.006 


4 


5 


20 


Spin 
coating 


400 °C 
in air 


7 


0.5 


MTMS, 
0.5 


F127, 
0.006 


4 


5 


10 


Spin 
coating 


400 °C 
in air 


8 


0.5 


MTMS, 
0.5 


CTAB, 
0.10 


4 


5 


20 


Spin 
coating 


400 °C 
in air 


9 


0.5 


MTMS, 
0.5 


Brij 76, 
0.14 


4 


5 


20 


Spin 
coating 


400 °C 
in air 


10 


0.67 


DMDES, 
0.33 


CTAB, 
0.18 


4 


5 


20 


Spin 
coating 


400 °C 
in air 


11 


0.67 


DMDES, 
0.33 


CTAB, 
0.18 


4 


5 


20 


Spin 
coating 


400 °C 
in 

7% H 2 , 
inN 2 



Table 1, compositions, way of applying and heating. The Figures listed 
indicate the molar ratios. 
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no 


surfactant concentration 


porosity 


1 


0.08 


45% 




0.10 


49% 




0.12 


54% 




0.14 


53% 


2 


0.1 


45% 


3 


0.10 


44% 




0.13 


50% 




0.16 


53% 




0.19 


53% 




0.22 


56% 


4 


0.10 


45% 




0.16 


54% 




0.22 


56% 


5 


F127/0.0052 


54% 



Table 2 - Porosity of the porous layers prepared using the compositions 1-5 
with varying quantities of surfactant. Unless indicated otherwise, the surfactant used is 
CTAB. 



no 


rpm during spin coating 


layer thickness (nm) 


porosity 


6 


1000 rpm 


692 


54% 




750 rpm 


851 


57% 




500 rpm 


1030 


57% 


7 


1000 rpm 


1545 


59% 




750 rpm 


1802 


60% 


S 


1000 rpm 


409 


46% 




750 rpm 


473 


46% 




500 rpm 


568 


46% 


9 


1000 rpm 


494 


59% 


10 


1000 rpm 


441 


53% 


11 


1000 rpm 


438 


51% 



Table 3 - Layer thickness and porosity of the porous layers prepared using the 
compositions 6-1 1 at a varying number of revolutions during spin coating. 



WO 2004/034482 



18 



PCT/IB2003/003865 



In another embodiment the electric device 100 shown in Fig. 2 is similar to 
that known from WO-A 00/57498. The electric device 100 is formed on a semiconductor 
substrate 102 which may be, e.g., p-doped silicon forming a p-substrate for the deposition of 
the remaining elements of the configuration illustrated. Alternatively, the substrate may be a 
monocrystalline GaAs wafer or a glass substrate. It comprises an N x M array of memory 
cells identical to that known from WO-A 00/57498, see in particular Fig. 4 of that patent 
application. Here, N and M are integers. Each memory cell comprises a respective memory 
element 103 and a respective selection device 104. In the embodiment shown in Fig. 2 each 
memory cell comprises two independent memory elements 103 A and 103B. The first 
conductor 130A, the second conductor 270A, the resistor 250 and the layers 126, 140 and 
260 of dielectric material constitute memory element 103A, and the first conductor 130B, the 
second conductor 270B, the resistor 250 and the layers 126, 140 and 260 constitute memory 
element 103B. In other words, the memory elements 103 A and 103B share the same 
resistor 250 and the same layers 126, 140 and 260. 

The resistor 250, which may comprise a phase change material as described 
above, has a surface with first contact areas 132 A and 132B, and second contact areas 272A 
and 272B, respectively. As part of memory element 103A, the resistor 250 has an electrical 
resistance between the first contact area 132A and the second contact area 272A which has a 
first value when the phase change material is in the first phase and a second value when the 
phase change material is in the second phase. As part of memory element 103B, the 
resistor 250 has an electrical resistance between the first contact area 132B and the second 
contact area 272B which has a first value when the phase change material is in the first phase 
and a second value when the phase change material is in the second phase. The first 
conductors 130A and 130B, which may comprise, e.g., the same materials as the first 
conductor 3 described above, are electrically connected to the first contact areas 132A and 
132B, respectively. The second conductors 270A and 270B, which may comprise, e.g., the 
same materials as the second conductor 4 described above, are electrically connected to the 
second contact areas 272A and 272B, respectively. The first conductor 130A, the second 
conductor 270A and the resistor 250 are able to conduct a current for heating of the phase 
change material to enable a transition from the first phase to the second phase, thereby 
changing the electrical resistance of the first memory element 103A. Analogously, the first 
conductor 130B, the second conductor 270B and the resistor 250 are able to conduct a current 
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for heating of the phase change material to enable a transition from the first phase to the 
second phase, thereby changing the electrical resistance of the second memory element 103B. 

As shown in the embodiment shown in Fig. 2, a layer 260 of a dielectric 
material provides for electrical isolation between the resistor 250 and the output line 271 such 

5 that the resistor 250 is connected to the output line 271 only via the second conductors 270A 
and 270B. The dielectric layer 260 also provides a thermal blanket for reducing a heat flow to 
parts of the body 101 free of the resistor 250 during the heating. The dielectric layer 140 
electrically isolates the first conductor 130A from the first conductor 13 0B. A dielectric 
layer 180 which may comprise borophosphosilicate glass (BPSG) is deposited on top of the 

10 electric device 100. 

Analogous to the electric device known from WO-A 00/57498, the first 
conductors 130A and 130B are conductive sidewall spacers, also referred to as conductive 
spacers, formed along the sidewall surfaces 126S of the dielectric regions 126. The area of 
contact between the resistor 250 and the first conductors 130A and 130B are the first contact 

15 area 132 A and 132B, respectively. Hence, the only electrical coupling between the 

resistor 250 and the first conductors 130A and 130B is through all or a portion of the first 
contact area 132A and 132B, respectively. The remainder of die first conductors 130A and 
130B is electrically isolated from the resistor 250 by dielectric layers 126 and 140. 

Alternatively, the first conductor 130A and/or 130B may be formed as 

20 conductive sidewall spacers by conformally depositing one or more contact layers onto the 
sidewall surface or surfaces of a via hole as known from WO-A 00/57498. The via hole may 
be round, square, rectangular or irregularly shaped. The conductive sidewall spacers may also 
be formed by conformally depositing one or more contact layers onto the sidewall surfaces of 
a pillar or mesa. The remaining space in the via is filled with a layer of dielectric material, 

25 preferably comprising a porous material with pores free of water. Embodiments of this 
material have been described above. 

According to the invention, at least one of the layers 126, 140, 180 and 260 
consists of a dielectric material comprising a porous material with pores having a size 
between 0.5 and 50 mn. In this way, the heat flow to parts of the body 101 free of the 

30 resistor 250 is reduced, resulting in a reduced switching power. Preferably, at least one of the 
layers 126, 140 and 260, which are in direct contact with the resistor 250, consists of such a 
material. Preferably, the pore size is between 1 and 10 nm. In a preferred embodiment the 
pores are substantially free of water. Different embodiments of the porous material have been 
described above. 
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In the embodiment of Fig. 2 the first contact areas 132A and 132B are smaller 
than the corresponding second contact areas 272A and 272B, respectively. The first 
conductors 130A and 130B each comprise a part in direct contact with the first contact 
area 132A and 132B, respectively. Preferably, this part is embedded in layers 126 and 140 

5 which comprise porous material with pores substantially free of water because in this case the 
heat flow to parts of the body 101 free of the resistor 250 is reduced particularly effectively. 
Due to the relatively small first contact areas 132A and 132B, the current density within the 
part of the first conductors 130A and 130B is particularly large, causing increased Joule 
heating adjacent the resistor 250. The effect of this heating on enabling the phase transition is 

10 particularly large due to the improved thermal insulation. 

The body 101 comprises a grid of select lines comprising N first select 
lines 190, M second select linesl20 and an output line 271 such that each memory cell is 
individually accessible via the respective select lines 120 and 190 connected to the respective 
selection device 104. Each of the memory elements 103 A and 103B of electric device 100 is 

1 5 electrically coupled to a selection device 104 which is a MOSFET, and more specifically an 
NMOS transistor. The MOSFET has n-doped source regions 110, n-doped drain regions 112, 
and gate regions 118. The source regions 110 and the drain regions 1 12 may comprise more 
than one portion of n-doped material, namely a lightly doped n-portion and a more heavily 
doped n+ portion. 

20 The n-doped source regions 110 and drain regions 1 12 are separated by 

channel regions 114. The gate regions 118, formed above the channel regions 1 14, control 
the flow of current from the source regions 1 10 to the drain regions 112 through the channel 
regions 1 14. The gate regions 118 preferably comprise a layer of polysilicon. The gate 
regions 1 18 are separated from the channel regions 1 14 by dielectric regions 116. 

25 Channel stop regions 1 13 are formed in the n-doped drain regions 112, 

creating two neighboring, electrically isolated drain regions 1 12 for separate NMOS 
transistors. Generally, the channel stop regions 113 have a conductivity type opposite that of 
the source regions 110 and the drain regions 1 12. In the NMOS embodiment shown, the 
channel stop region 113 comprises p-doped silicon. 

30 Select lines 120 are formed above the gate regions 118, which select lines 

preferably comprise a layer of tungsten silicide. Select lines 120 are used to deliver the 
electrical signal to the gate regions 118. The dielectric regions 122 are formed above the 
select lines 120, said dielectric regions preferably comprising a porous material with pores 
substantially free of water. The dielectric regions 122 electrically insulate the select lines 120 
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from neighboring regions of the electric device 100. The stacks of layers 116, 1 18, 120 are 
collectively referred to as the gate stacks. Dielectric regions 126 are formed on the sidewall 
surfaces of the gate stacks. 

Select lines 190 are formed on top of the upper insulation regions 180. The 
5 select lines 190 may be formed from a conductive material such as aluminum or copper. 
Tungsten plugs 144 electrically connect the select lines 190 to the source regions 1 10. It is 
noted that in the particular embodiment shown in Fig. 2, two NMOS transistors share each of 
the tungsten plugs 144. A layer of titanium silicide (not shown) may be formed on the surface 
of the silicon substrate to improve the conductivity between the substrate 102 and the 

10 conductive sidewall spacers 130A and 130B as well as between the substrate 102 and the 
conductive plugs 144. The conductive plugs 144 are electrically insulated from the gate 
stacks by dielectric layers 126. 

The first conductors 130A and 130B of memory element 103A and 103B, 
respectively, are electrically connected to a first region selected from the source region 110 

1 5 and the drain region 1 12 of the corresponding metal oxide semiconductor field effect 

transistor. In the embodiment of Fig. 2 the first region is the drain region 112. The second 
conductor 270 of each memory element 103 A and 103B is electrically connected to the 
output line 271, which may comprise, e.g., the same material as the second conductor 270. A 
second region of the corresponding metal oxide semiconductor field effect transistor which is 

20 selected from the source region 110 and the drain region 112 and which is free from the first 
region, is electrically connected to one of the N first select lines 190. The gate region 1 18 is 
electrically connected to one of the M second select lines 120. 

In summary, the electric device 1, 100 comprises a resistor 36, 250 comprising 
a phase change material which is able to be in a first phase and in a second phase. The 

25 resistor 36, 250 has an electrical resistance which has a first value when the phase change 
material is in the first phase and a second value when the phase change material is in the 
second phase. The resistor 36, 250 is electrically connected to a first conductor 3, 130A, 
130B and a second conductor 4, 270, which are able to conduct a current for heating of the 
phase change material to enable a transition from the first phase to the second phase. The 

30 electric device 1, 100 further comprises a layer 20, 39, 126, 140, 260 of a dielectric material 
for reducing a heat flow to parts of the body 2, 101 free of the resistor 36, 250 during the 
heating, which dielectric material according to the invention comprises a porous material 
with pores having a size between 0.5 and 50 nm. 
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It should be noted that the above-mentioned embodiments illustrate rather than 
limit the invention, and that those skilled in the art will be able to design many alternative 
embodiments without departing from the scope of the appended claims. In the claims, any 
reference signs placed between parentheses shall not be construed as limiting the claim. The 
5 word "comprising" does not exclude the presence of elements or steps other than those listed 
in a claim. The word "a" or "an" preceding an element does not exclude the presence of a 
plurality of such elements. 



